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Abstract. Human immediate response is contextualized
into different time compartments reﬂecting the tsunami early
warning chain. Based on the different time compartments
the available response time and evacuation time is quantiﬁed.
The latter incorporates accessibility of safe areas determined
by a hazard assessment, as well as environmental and de-
mographic impacts on evacuation speed properties assessed
using a Cost Distance Weighting GIS approach.
Approximately 4.35 million Indonesians live in tsunami
endangered areas on the southern coasts of Sumatra, Java and
Bali and have between 20 and 150 min to reach a tsunami-
safe area. Most endangered areas feature longer estimated-
evacuation times and hence the population possesses a weak
immediate response capability leaving them more vulner-
able to being directly impacted by a tsunami. At a sub-
national scale these hotspots were identiﬁed and include: the
Mentawai islands off the Sumatra coast, various sub-districts
on Sumatra and west and east Java. Based on the presented
approach a temporal dynamic estimation of casualties and
displacements as a function of available response time is ob-
tained for the entire coastal area. As an example, a worst
case tsunami scenario for Kuta (Bali) results in casualties
of 25000 with an optimal response time (direct evacuation
when receiving a tsunami warning) and 120000 for minimal
response time (no evacuation). The estimated casualties cor-
respond well to observed/reported values and overall model
uncertainty is low with a standard error of 5%.
The results obtained allow for prioritization of interven-
tion measures such as early warning chain, evacuation and
contingency planning, awareness and preparedness strategies
down to a sub-district level and can be used in tsunami early
warning decision support.
Correspondence to: J. Post
(joachim.post@dlr.de)
1 Introduction
Especially the 26 December 2004 tsunami clearly revealed
the catastrophic consequences when tsunamis are striking ar-
eas unexpectedly without early warning or where little or no
public awareness of what a tsunami is and how to react to
it exists. This event led to strong efforts to design and im-
plement a tsunami early warning system and highlighted the
urgent need to strengthen community based disaster manage-
ment strategies (e.g. awareness raising, preparedness strate-
gies). Central to these issues is a continuous tsunami risk and
vulnerability assessment and monitoring which is an indis-
pensable requirement for effective early warning and com-
munity level disaster management (UN/ISDR PPEW).
Quantiﬁcation of human immediate response capability is
a key component in tsunami risk and vulnerability analy-
sis. In this context, human immediate response capability
refers to people’s ability to reach a safe area upon receiv-
ing a tsunami warning sign. More generally, human imme-
diate response comprises the reception, processing and deci-
sion to take proactive action once tsunami warning signs are
present (Mileti, 1995; Drabek, 1999; Sorensen, 1993, 2000;
Sorensen et al., 2004; Lindell and Perry, 1992). The abil-
ity to reach a safe area depends on intrinsic (sociological and
demographic) and extrinsic (environmental settings inﬂuenc-
ing evacuation speed) factors. In terms of a people-centred
tsunami risk assessment the identiﬁcation of areas where the
populationpossessesweakresponsecapability(difﬁcultiesin
rescuing themselves and avoiding physical harm) is crucial.
Although substantial research related to the general topic
of human response to warnings is available, this is not the
case for spatially-distributed quantiﬁcation of human imme-
diate response capability related to tsunami threats, espe-
cially at a sub-national scale. This implies knowledge of in-
dicators describing the theoretical system of human response
and availability of data describing these indicators at the re-
spective scale. Especially for factors describing social and
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Fig. 1. Overview on presented assessment scale, coverage area of
results (in orange), distribution of warning segments along the coast
(grey polygons) and tsunami-genic sources (red stars). Areas where
exemplary results are shown are highlighted as green boxes.
demographic properties, available data sets are commonly
only available through national statistical agencies.
For rapid onset disasters such as tsunami the central fac-
tor in quantifying human immediate response capability is
time. Knowledge of tsunami warning response properties in
the sense of “how much time do people need to rescue them-
selves?” versus “how much time do they actually have?” is
crucial information in the early warning process and disaster
management in general.
Consequently, the central aim of this paper is to describe
a methodological framework which contextualizes the key
components and underlying processes in quantifying human
response capability. The following research questions are ad-
dressed within this article:
– What are the key determinants describing human imme-
diate response capability related to tsunami threats?
– How can these determinants be framed into a coherent
model quantifying response time?
– How can such a model be validated, what is its uncer-
tainty?
– Who might use this information and what is its added-
value in terms of disaster management?
In answering these questions we focus on a sub-national
scale assessment. The target region is the coastal area of In-
donesia which can be potentially impacted by tsunamis gen-
erated within the Sunda Arc (Fig. 1).
Results and conclusions from the presented work seek to
provide key information for tsunami warning decision sup-
port, effective warning and warning chain planning, evacua-
tion and contingency planning and for creating awareness in
order to foster tsunami adaptation and mitigation strategies.
Fig. 2. Assigned time components for the assessment of human
response capability to tsunami warning.
2 Method
2.1 Methodological framework
The assessment unit in quantifying human response capabil-
ity related to tsunamis is time. The key components deter-
mining human response time factors are presented in Fig. 2.
The human response capability depends on the estimated
time of arrival (ETA) of a tsunami, the time at which tech-
nical or natural warning signs (ToNW, determined by Insti-
tutional Decision Time IDT and Notiﬁcation Time INT, see
Fig. 2) can be received by the population, the reaction time
(RT) of the population and the evacuation time (ET). The ac-
tual available response time (RsT) is then obtained by:
RsT = ETA − ToNW − RT (1)
with
ToNW = IDT + INT (2)
Human response capability can then be estimated on the ba-
sis of the relationship between ET and RsT. For RsT>=ET
people in the respective areas are able to rescue themselves
by reaching a safe area. Critical areas possess RsT<=ET
values because people within these areas will be directly im-
pacted by a tsunami.
As previously mentioned the human response capability is
determined by social vulnerability factors which play a role
in constituting the reaction time (RT, see Fig. 2). Human re-
action time to a tsunami warning depends mainly on warning
dissemination (is it received and understood?) and on the
response (do people respond by evacuating?). Quantiﬁcation
ofthesefactorsneedstoconsidercomplexsocialandpsycho-
logical settings and processes which consider the sequential
process of hearing, understanding, believing, personalizing,
conﬁrming and responding to a warning (Sorensen, 2000).
Additional challenges lie in describing these processes by re-
lying only on available nationwide statistical data. Birkmann
et al. (2009) describe which social parameters represent these
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process factors and the statistical proxies derived to describe
social vulnerability in the warning context.
Human response capability depends largely on the extent
of the potential tsunami impact on land. This is required
to describe the evacuation area or the credible emergency
planning zone (EPZ, Cova and Church, 1997). The credible
EPZ determines the questions of ‘who needs to evacuate and
needs special attention’, and “where people need to be routed
to reach safety”. Distribution of warning dissemination de-
vices (e.g. sirens) within the EPZ and institutional settings
in disaster management (e.g. availability of standard oper-
ational procedures related to warning response/evacuation
behaviour) drive the determination of the “Institutional No-
tiﬁcation Time (INT)”. Finally the response time (RT, see
Fig. 2) has to be quantiﬁed and accordingly the response ca-
pability.
2.2 Quantiﬁcation steps
Central to the assessment of human immediate response ca-
pabilities related to tsunamis is the quantiﬁcation of the re-
spective time components described above. The following
quantiﬁcation steps have to be conducted: (1) Hazard assess-
ment (deﬁnition of credible EPZ), (2) Quantiﬁcation of ETA,
(3) Quantiﬁcation of ToNW and RT, (4) Quantiﬁcation of ET
and (6) Quantiﬁcation of RsT.
2.2.1 Hazard assessment
The ﬁrst step is to determine the potentially impacted areas
on land considering a pre-calculated set of potential tsunamis
originating from sources along the Sunda Arc. The determi-
nation of the hazard impact area is linked to tsunami warning
levels deﬁned within the national Indonesian Tsunami Early
Warning Center in order to operationally use human response
capability estimation in an early warning context (Post et al.,
2008b). Thus, hazard impact zones related to wave height at
the coast result in different warning levels (e.g. wave height
between 1 and 3m at the coast leads to a warning, wave
height >3m leads to a major warning). The database for
this approach consists of tsunami modelling results provided
by AWI (Alfred Wegener Institute, Bremen, Germany) in the
context of the GITEWS (German-Indonesian Tsunami Early
Warning) project. The model area covers the south coast of
Sumatera, Java and Bali.
A database query classifying the modelled tsunami scenar-
ios according to their wave heights at the coast is conducted
to derive the respective tsunami hazard impact zones. Af-
ter the database query follows a calculation of the amount
of tsunami impact hits on land in each of the two classes.
The area described by all points with hits deﬁnes the inunda-
tion area depending on the speciﬁc warning level (see Fig. 3).
Displaying both of the two hazard zones by appending the
hazard zone of the “Warning Level” with the hazard zone of
Fig. 3. Workﬂow to determine credible emergency planning zones
(EPZ) based on a multi-scenario approach. Credible EPZs are as-
signed according to tsunami warning levels (deﬁned by the national
warning centre) according to wave height at the coast: <=3 m (left
side) and wave height at coast >3 m (right side). The tsunami sce-
nario data base is provided by the Alfred Wegener Institute, Bre-
men, Germany (AWI) in the context of the GITEWS (German-
Indonesian Tsunami Early Warning) project.
the “Major Warning Level” ﬁnalizes the hazard impact area
and hence the determination of the respective credible EPZs.
2.2.2 Quantiﬁcation of ETA
One parameter in the tsunami scenario database is the es-
timated minimum time of arrival of the tsunami (ETA) per
scenario and for predeﬁned coastal locations. Quantiﬁca-
tion of representative ETA is based on a set of 761 tsunami
scenarios covering the range of potentially possible tsunami
events along 200 distributed tsunami sources zones (along
the Sunda Arc) provided by the German Research Centre
for Geosciences (GFZ Potsdam) within the GITEWS project.
Foreachcoastallocationthemedianvalue(50thpercentileof
ETA distribution at the respective location) is calculated. The
values of the coastal locations are then aggregated on warn-
ing segments using again the median value of the obtained
distribution. Warning segments are pre-deﬁned spatial enti-
ties within the Tsunami Early Warning Centre (see Fig. 1) re-
lated to district (Kota/Kabupaten) administrative boundaries
in Indonesia. For this spatial unit the median ETA is used
as representative value for anticipated time of arrival of a
tsunami.
2.2.3 Quantiﬁcation of ToNW and RT
In principal human response can be based on natural or tech-
nical warning signs. The ﬁrst requires a sound understanding
and knowledge of tsunami warning signs (e.g. earthquake,
sudden drop of sea level) and the knowledge of what to do
(e.g. evacuate) by the population. It is almost impossible to
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Fig. 4. Workﬂow to calculate evacuation time (ET) based on key
determinants assigned parameterisations (see Table 1) and a cost
distance weighting approach.
quantify the time when a natural warning sign could be re-
ceived at a certain coastal location, although values of a sud-
den sea level retreat of approx. 5–10 min before the tsunami
hits the coast can be assumed. Within this analysis we con-
sider only reliable technical warnings generated and assume
it was issued 5 min after the tsunamigenic event happened,
as deﬁned by a decree issued by the Indonesian president.
Hence the Institutional Decision Time (IDT) is set to 5 min.
An Institutional Notiﬁcation Time (INT, technical notiﬁca-
tion time to the warning dissemination devices at the com-
munity level) of 3 min is adopted for this study. Accordingly
we assign 8 min for the ToNW time. This is seen to rep-
resent the optimum time duration for detecting a tsunami,
inferring expected tsunami properties along the coastal areas
and disseminating the warning to devices within local com-
munities. Hence an optimal function of the warning sender
is assumed with the optimal sender characteristics laid down
by e.g. Drabek, 1999; Mileti and Sorensen, 1990; Sorensen,
2000.
The next unknown is the reaction time (RT), and hence
warning receiver characteristics. Theoretically, RT can take
time values between zero and the time of the tsunami arrival
(ETA).AsconcludedbyBirkmannetal.(2009)aquantitative
assessment of RT through indicator sets based on available
national statistical data is too uncertain and consequently
does currently not allow a further speciﬁcation of RT in nar-
rowing its theoretical dimension. Additional in-situ informa-
tion (generated through household surveys and participatory
approaches) to determine representative indicators is needed
to describe the complex social and psychological settings in-
ﬂuencing human reaction times. Considering these current
constraints we assume the theoretically possible value range,
with an optimum of zero minutes (meaning direct response
after receiving a tsunami warning) to the median estimated
time of tsunami arrival (ETA median, no response after re-
ceiving a tsunami warning).
2.2.4 Quantiﬁcation of ET
The ability to respond properly to a tsunami warning mes-
sage, i.e. evacuate on time, depends on (1) location of
tsunami safe areas and their properties, (2) land cover, (3)
topography (slope), (4) population density, (5) age and gen-
der distribution and (6) density of critical facilities (primary
schools, hospitals).
The location of safe areas determines the distance an
evacuee has to cover. Land cover and slope alters the
evacuee’s movement and speed (ADPC, 2007). Related to
demographic factors it has been found in several studies
(e.g. Guha-Sapir and Below , 2006; MacDonald, 2005; Ox-
fam, 2005; Roﬁ et al., 2006; Birkmann et al., 2007) that age
and gender distributions signiﬁcantly impact fatality rates
due to contributions to longer evacuation times. In evacua-
tion modelling studies, the impact of population density and
evacuation properties of different group sizes are accounted
for (Kl¨ upfel, 2005; Rogsch, 2005). The larger the group and
the higher the population density the slower the evacuation
process (Kl¨ upfel, 2003). The existence of critical facilities
such as schools and hospitals result in reduced response ca-
pabilities due to the presence of people needing special atten-
tion during an evacuation (Johnson, 2006). Obviously physi-
cal and mental disabilities are limiting factors for individuals
to cope during a disaster.
The basic principle is a GIS analysis to deﬁne the fastest
path (best evacuation route) from a given point to the safe
area. Using the determined credible EPZ (both “warning”
and “major warning” cases), so called access points to safe
areas can be assigned (see Fig. 5). First characteristics of a
safe area referred as temporary shelter areas for evacuation
are determined. The temporary shelter areas have to be out-
side the EPZ and have to feature a suitable land use/cover
and topography (slope) beside a minimum area of 10000m2
ensuring sufﬁcient space for temporarily gathering of evac-
uees.
A measure of travel costs is used which can be considered
as travel time (evacuation time) needed when approaching
the next safe area. In this concept, the accessibility to a safe
area is calculated on a cost surface which consists of a reg-
ular two-dimensional grid where each cell value represents
the cost to travel through it depending on costs introduced by
land cover, population density, slope, critical facility density,
age and gender distribution (Fig. 4). The cost is calculated
based on Eq. (2). Hence the cost surface represents an in-
verse speed raster determining the time needed for travelling
through a particular path depending on the spatial raster res-
olution and distance).
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Table 1. Parameterisation used in quantiﬁcation of evacuation time and parameter input variation used within the uncertainty assessment.
Class Type Class Parameterization PDF Range (Min:Median:Max) Reference Data source
L
a
n
d
c
o
v
e
r
C
O
S
T
S
[
0
:
1
0
0
]
Streets 100
T
r
i
a
n
g
u
l
a
r
60:99.9:100
ADPC, 2007 LAPAN, 2007
Open Field, Grassland 95 60:95:100
Sparse vegetation 90 50:90:100
Croplands, shrubs 80 50:80:100
Settlement 75 60:75:100
Dense Vegetation 50 30:50:80
Paddy ﬁeld 40 10:40:60
River/Swamp 5 1:5:10
Mangroves 1 1:1.1:3
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e
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0◦ 100 90:99.9:100
Kawamura et al., 1991;Toyosawa and Horii, 2002 SRTM C-Band (USGS, 2005), SRTM X-Band (DLR, 2005)
0◦–5◦ 90 75:90:100
5◦–15◦ 80 60:80:100
15◦–30◦ 40 15:40:75
30◦–45◦ 15 10:15:20
>45◦ 05 1:5:15
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a
No hospital density>0 hosp./ha
Kl¨ upfel, 2003 BPS PODES 2006
no PS+KG 100 50 85:99.9:100|40:50:70
density up to 0.01 KG+PS/ha 100 50 85:99.9:100|40:50:70
density up to 0.03 KG+PS/ha 70 45 50:70:90|35:45:65
density>0.03 KG+PS/ha 50 40 40:50:70|30:40:50
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l
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t
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S
P
E
E
D
[
m
/
s
]
0–2.5 [people/ha] 3 1.2:3:3.6
Rogsch, 2005 BPS Census 2000 and own assessment 2.5–7.5 [people/ha] 1.2 0.7:1.2:3
>7.5 [people/ha] 0.7 0.5:0.7:1.2
A
g
e
a
n
d
g
e
n
d
e
r
b Adult (15 to 62 years) male 2.8 1.3:2.8:3.6
Thompson, 2004 BPS Census 2000
Adult (15 to 62 years) female 2.7 1.3:2.7:3.6
Child (younger than 14 years) 2.1 0.9:2.1:3
Elderly (older than 62 years) 1.7 0.8:1.7:2.2
a PS=Primary school, KG=Kindergarten.
b Average speed per desa/village is obtained by: (Number of children (female and male)×speed +Number of adult males×speed+Number of adult females×speed+Number of
elderly (female and male)×speed)/Number of total population.
inverse speed[
s
m
] =
1
costs landuse
100 ×
costs slope
100 ×costs criticalfacilities
100 ×

speedpopulationdensity+speedage,gender
2
 (3)
Using the cost weighted distance approach (ESRI, 2001)
the time needed from each location (raster cell) within the
credible EPZs to the next safe area (next access point,
Fig.4)iscalculatedusingtheArcGIScostdistancealgorithm
(ESRI, 2001).
Table 1 provides the parameter values used and relevant
literature references. It should be noted that for some param-
eters empirical studies are not sufﬁcient or not available and
own estimates had to be incorporated.
2.2.5 Quantiﬁcation of RsT
RsT is not a static value since some determinants can not
be quantiﬁed or deﬁned precisely (e.g. RT). As a starting
point an optimal (best possible) RsT is quantiﬁed by as-
suming a theoretically ideal warning chain mechanism (opti-
mum values for IDT, INT, and RT). The optimum RsT with
ToNW=8 min and RT=0 min, can be described as follows:
RsT opt = ETAmedian − 8 (4)
ThepessimisticRsTwith ToNW+RT=ETAmedian valuesas
follows:
RsT pess = ETAmedian − ETAmedian = 0 (5)
The latter leads to the result that no response time is avail-
able. In this case all people located within the credible EPZ
are expected to become casualties.
2.3 Estimation of casualties, displaced people and de-
gree of response capability
Assuming optimal conditions (ref. Eq. 3) a qualitative as-
signment (degree) of human response capabilities related to
a tsunami threat can be derived from:
ET >= RsT opt = weak response capability
0.5 × RsT optandET < RsT opt = moderate response capability
ET >= 0.5 × RsT opt = good response capability (6)
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As RsT is not a static value a temporally dynamic repre-
sentation of response capability has to be found using a cal-
culation which considers an approximation of [ToNW+RT]
from 8 minutes up to the respective ETAmedian time value per
warning segment. For each time interval, I, of 5 min the
following relationships are calculated
IF ET < RsT opt + I = good response capability, for
I = 8 min toETAmedian (7)
IF ET > RsT opt + I = weak response capability, for
I = 8 min toETAmedian (8)
It is now possible to determine the respective areas featur-
ing weak, moderate and good response capabilities for each
time interval I. It is further assumed that people located
within a weak response area will not be able to reach a safe
area in time and will become a casualty of a tsunami. People
being located within a good response area will potentially
be able to reach a safe area in time but are then displaced
by a tsunami. Casualties and the number of people being
displaced can be dynamically calculated assuming the time
slices deﬁned by the interval I.
2.4 Plausibility check and uncertainty
Data on reported dead/missing at the district (Kabu-
paten/Kota) level for impacted areas in Aceh for the 2004
event were compared to calculated values of casualties to
check the plausibility of the overall approach. Thereby it was
assumed that no technical warning was received and natural
warning signs (retreat of sea level) occurred 5–15 min be-
fore the ﬁrst tsunami wave hit the coast (potential ﬁrst sign
leading to a response/evacuation). We then compare the cal-
culated number of people for response times (RsT) of 5 and
15 min to the reported values in literature.
Because certain parameters lack a sufﬁcient empirical ba-
sis (see Sect. 2.2.4), we performed an uncertainty assess-
ment in addition to a plausibility check. Monte Carlo based
global sensitivity and uncertainty analysis using a latin hy-
percube stratiﬁed sampling technique was applied (Janssen
et al., 1994; Saltelli et al., 2004; Tarantola, 2001; Post et
al., 2008a). The analysis uses multiple evaluations with ran-
domly selected model input and considers the entire range of
input factors and their possible interactions with respect to
the model output. The Monte Carlo analysis done consisted
of the following steps (Saltelli et al., 2004): (1) deﬁnition
of model variables (input factors) Xi used for the analysis,
(2) selection of ranges and the Probability Distribution Func-
tions (PDF) for each Xi, (3) generation of samples within
the PDF’s (sampling), (4) evaluation of the model output for
each element of the input factor sample and (5) uncertainty
analysis. For the assessment of uncertainty the software tool
Simlab(Version2.2, Saltellietal., 2004; Tarantola, 2001)de-
veloped by the Joint Research Centre (JRC) in Ispra (Italy)
has been used. For the uncertainty assessment the coefﬁcient
of variation (deviation of a variable from its mean, “stan-
dard error”, COV in %) was calculated as in Eq. (9) to quan-
tify the uncertainty of the mean value, where n=number of
simulation runs, x=mean value of output, xi=output value,
sd=standard deviation:
COV[%] =
1
n − 1
n X
i=1
k(¯ x − xi)k ×
100
¯ x
= sd ×
100
¯ x
(9)
Uncertainty was assessed based on 250 model runs in order
to assure stability of model output variance (Verbeeck et al.,
2006). Due to computational constraints the uncertainty as-
sessment was performed for a sub-set of the entire study area
(see Fig. 1). The sub-set is a region in central Java featuring
representative distributions of input data (land cover, topog-
raphy, population density, age and gender distribution and
density of critical facilities). The parameterization for the
uncertainty analysis can be found in Table 1.
3 Results and discussion
3.1 Hazard assessment and quantiﬁcation of ETA
The envelope of all inundated locations on land (inundated
with a ﬂow depth of at least 0.1 m) given for two tsunami
intensity classes (warning and major warning level) were
mapped out. This represents for each class the worst-case
tsunami impact area considering all potential tsunami events
(multi-scenario approach). Hence a single event of a certain
warning level will inundate only parts of the assigned area
and not necessarily the entire area. The extents of respective
hazard impact areas for selected areas are given in Fig. 5.
The respective credible EPZ was deﬁned by using the haz-
ard impact area for “warning” and “major warning” tsunami
intensity. Relating credible EPZ to hazard impact cases
which are further related to warning levels offers the oppor-
tunity to link early warning information to response planning
at the community level.
Altogether around 4354000 people are living in a tsunami
endangered area of approx. 8173km2 (major warning level
tsunami threats originating from the Sunda Arc). This area
represents 1.35% of the land mass of Sumatra, Java and Bali
and 2.5% of overall population. For the EZP representing
warning level tsunami threat altogether approx. 193000 peo-
ple within an endangered area of 642km2 are exposed rep-
resenting 0.11% of people and land area (Sumatra, Java and
Bali).
Median ETA values along the coastline vary between 20
and 150 min. This extremely short time window for hu-
man response coupled with the population density points
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out the need of an effective early warning system and re-
sponse structures (e.g. evacuation planning). The question
then arises: how much time the people need to reach a safe
area?
3.2 Quantiﬁcation of ET
The next step in quantifying human response capabilities re-
lated to a tsunami threat is the calculation of the evacuation
time (ET). Figure 5 provides ET results for selected areas
along the coast (see Fig. 1) in minutes. It is visualized in
time slices of 15 min from 0 to more than 60 min and for
both hazard impact areas (major warning and warning level).
Areas featuring large ET values are distributed along the
coastline and inland where no suitable safe areas for a tem-
porary shelter can be found. The analysis considers only
an evacuation towards and into a safe area possessing de-
ﬁned properties allowing a temporary gathering of evacuees.
Hotspot areas with large ET can be clearly identiﬁed. For
the major warning case (see Fig. 5 left) large areas with ET
values greater than 30 min point to the apparent need of spe-
cial attention, sound evacuation planning and good warning
dissemination structures in these areas. For the warning case
(see Fig. 5 right) ET values are smaller and generally below
30 min. In relation to median ETA values between 20 and
150 min, the estimated evacuation times seem to be sufﬁ-
cient. Consequently under effective warning and evacuation
structures most areas feature the potential for being evacu-
ated with low numbers of people being potentially unable to
reach a safe area in time.
3.3 Estimation of casualties, displaced people and
degree of response capability
The quantiﬁcation of RsT and ET are the key components
in estimating the number of casualties, displaced people and
the degree of response capability. Major unknown in quan-
tifying RsT is the humen reaction time (RT). As stated in
literature, human reaction to a warning is a complex social
process whereas major determinants are documented in liter-
ature, also for tsunami related disasters (Charnkol and Tana-
boriboon, 2006; Mileti and Sorensen, 1990; Sorensen, 2000).
Warning receiver properties as e.g. tsunami disaster expe-
rience, knowledge, household size, social networks, access
to warning, educational level and warning sender proper-
ties as e.g. credibility, warning certainty and frequency play-
ing key roles in human reaction are known. Although re-
lying on nationwide available statistical data adds the chal-
lenge to ﬁnd statistical proxies representing key indicators
of sender and receiver properties (Birkmann et al., 2009).
Warning dissemination and warning decision proxies were
found and aggregated to the proxy “access to information
and knowledge” qualitatively describing population’s reac-
tion time (high, medium, low (Birkmann et al., 2009). But
translating a qualitative assessment to quantiﬁcation in terms
Fig. 5. Examples for Denpasar (Bali, a and b) and Cilacap (Java,
c and d), Indonesia for quantiﬁed evacuation times (ET) based on
major warning tsunami (left column) and warning tsunami impact
area (right column) visualized as 15 min time classes. Designated
safe areas for evacuation are depicted in green. Light pink to dark
purple areas constitute credible emergency planning zones (derived
from hazard assessment). (e) and (f) show classiﬁcations of weak,
moderateandgoodresponsecapabilityforCilacap(e)andDenpasar
(Bali, f).
of reaction times is highly uncertain, as sub-national prox-
ies need validation based on participatory approaches and
household surveys at the local level to derive more robust
indicators to describe social response processes. Adding a
validation to the sub-national proxy would then allow an as-
signment of approximate reaction times. Recent ﬁndings by
(Charnkol and Tanaboriboon, 2006) suggest reaction times
depending on available response times (in our case estimated
ETA). Based on household surveys for selected regions in
Thailand impacted by the tsunami 2004 they found for cer-
tain response times (RsT) of 60, 45, 30 and 15 min respective
reaction times of 15 to 30, 13 to 25, 10 to 20 and 5 to 10 min.
Using these ﬁndings an estimation of reaction times based
on the estimated time of tsunami arrival (ETA) seems pos-
sible but needs further research efforts currently conducted.
For the moment we assumed a direct reaction after the re-
ceiving of a warning and consequently an optimal human re-
action time, optimal institutional (Tsunami Warning Center)
decision and notiﬁcation time. Following that, the response
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Fig. 6. Sub-national scale representation of human response capa-
bility categorized as good, moderate and weak. The represented
area is aggregated on a Kecamatan (sub-district) administrative
level. Human response capabilities are based on optimal reaction
and institutional notiﬁcation and decision times and hence e.g. red
areas generally posses a weak response capability even if people
take immediate action and were notiﬁed 8 min after a tsunami-genic
event.
time RsT is mainly constrained by the calculated median es-
timated time of arrival per warning segment along the coast.
According to Eq. (5), the response capability was classi-
ﬁed as good, moderate and weak in order to obtain a general
picture and qualitative interpretation of human immediate
response capability related to tsunami threats. Difﬁcult-to-
evacuate areas can be identiﬁed as red zones (Fig. 5) where
the estimated time to reach a safe area is longer than the op-
timum response time. Consequently, people located within
the red zone are likely to become casualties.
Large areas featuring weak response capabilities were
identiﬁed in the study area (see Fig. 6). Prioritization of in-
tervention measures, such as evacuation planning, increasing
warning dissemination devices and awareness raising, within
these areas can be implemented. By visualizing the imme-
diate response capability on the sub-national scale (informa-
tion aggregated on Kecamatan/sub-district level) regions fac-
ing severe problems can be identiﬁed. The Mentawai islands
off the Sumatra coast and various sub-districts in Sumatra
can be especially noted in Fig. 6. In Java, especially the
south-western coast, good response capabilities for success-
ful evacuation are shown. Although it has to be considered
that this qualitative assignment is based on optimal response
time conditions (from Eq. 5) and assumes an immediate hu-
man reaction to evacuate as well as effective early warning.
According to Eqs. 6 and 7 the difﬁcult-to-evacuate area
(the weak response capability class) can be determined for
different time steps until the ETAmedian is reached. Areas
falling in the “weak response capability” class were deter-
minedfortimestepsof5minutesfromRsTopttoRsT=0min.
Fig. 7. Number of casualties as a function of response time and
median ETA values for warning segments Pantai Kuta Bali (a, b),
Cilacap Jateng (c, d), Aceh Jaya (e, f) and Banda Aceh (g, h) and
considering major warning impact zone (left) and warning impact
zone (right).
For each time step the amount of people distributed in the
weak response capability area was quantiﬁed. This was done
for each warning segment and credible EPZ (warning and
major warning level).
Figure 7 illustrates the casualties for selected warning seg-
ments, as a function of available RsT. At RsT=0 all people
within the credible EPZ are directly impacted.
Generally the curves in Fig. 7 feature small increases fol-
lowed by a rapid increase in casualties at a certain time and
then approaching the number of people exposed (amount
of people within a credible EPZ). For the case of warning
level the relatively slow increase of casualties in the ﬁrst 10–
15 min is more pronounced than for the major warning case.
As expected, the longer the response times the fewer casu-
alties. Only an effective early warning system together with
knowledge on the correct interpretation of natural warning
signs can improve the response time. Without these con-
ditions and with only a short response time casualties are
a multiple. The result for Kuta (Bali, Fig. 7b) for a major
warning case results in approx. 25000 casualties for RsTopt
(direct evacuation when receiving a tsunami warning sign) to
120000 for RsT=0 min (no evacuation action until tsunami
hits the land). Wang and Lian (2008) support these ﬁndings
by stating that effective early warning (optimizing response
time) can reduce casualties by more than half.
The number of casualties depending on response time in-
tervals also highlights the importance of human reaction ca-
pabilities. Charnkol and Tanaboriboon (2006) found human
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reaction times related to tsunami disasters between 5 and
35 min. Slow reaction times lead to extremely high numbers
of casualties. This can be mitigated by increasing people’s
perception of risk and educating on appropriate evacuation
behaviours.
3.4 Plausibility check and uncertainty
A direct veriﬁcation or validation of the presented approach
above is not possible. This is mainly due to the fact that
we can only compare calculated casualties considering the
two hazard impact zones (warning and major warning lev-
els). Consequently the spatial extent of the hazard impact
zone aggregated from many tsunami scenarios at the major
warning level is not identical to a single event falling into the
major warning class. However a comparison with available
reported event data (on casualties and dislocated people) to
estimated values is important to check for plausibility and
robustness.
For this reported data concerning the Aceh 2004 event
(JICA, 2005; Doocy et al., 2007) was used and compared
them to the calculated estimations of casualties. We assumed
that for this case RsT was around 5 to 15 min, as no early
warning was in place and people were unprepared (RT was
very long). The following ﬁgure gives a comparison of re-
ported dead/missing (JICA, 2005) to the estimated number
of casualties.
As can be seen in Fig. 8, the estimated number of casu-
alties corresponds well to reported dead or missing in lit-
erature. For the Kabupaten (district) Aceh Jaya estimated
casualties (18500 and 20000) are compared to 19660 re-
ported (Fig. 9, top). For Kota Banda Aceh estimated values
are between 52000 and 85000 (5 and 15 min before tsunami
hit the coast) stand against 78500 reported (Fig. 9, bottom).
This simple comparison demonstrates that magnitudes of es-
timated numbers are plausible and robust.
Input data variation (see Table 1) induced an absolute un-
certainty range between 103.3 and 189.16 minutes (5th and
95th percentile values of ET distribution based on 250 model
runs). A coefﬁcient of variation (“standard error”) of 4.93%
on the model output was calculated. Hence a variation of
∼5% around the mean value is present due to variation of
input parameters. That means that for an evacuation time of
e.g. 60 min an uncertainty of +/−3 min has to be taken into
consideration.
Spatial distribution of model uncertainty based on COV
values can be seen in Fig. 9. Low COV values are present
along the coast and increase further inland. The increase in
uncertainty towards tsunami safe areas is mainly due to the
spatial conﬁguration of access points. The number and distri-
bution of access points signiﬁcantly affects the quantiﬁcation
of ET (more access points lead to improved accessibility of
safe areas and hence shorter distances and lesser ET). An-
other source of uncertainty is numerical tsunami modelling
relying on correct representation of onshore hydrodynamics.
Fig. 8. Comparison of reported dead or missing after the Aceh 2004
tsunamievent(redbar, JICA,2005)toestimatedvaluesofcasualties
for 5 and 15 min response times (black bars) for Kabupaten (Dis-
trict) Aceh Jaya (a) and Kota (District) Banda Aceh. Please note
that estimated values are based on major warning level tsunami im-
pact area which is not identical to inundation extent of the Aceh
2004 tsunami in the respective regions.
Here representation of land cover roughness, input data spa-
tial resolution (topography and bathymetry) introduces un-
certainties which propagate to the quantiﬁcation of the haz-
ard impact zone (credible emergency planning zone and lo-
cation of safe places). Overall COV values are relatively low
within high risk areas (areas along the coastline). Hence ET
quantiﬁcation features a low uncertainty in areas where ro-
bust information is necessary for decision makers.
The relatively low uncertainty and plausible comparison
of estimated to reported values hint to a robust system de-
scription of human response capabilities considering key de-
terminants and their parameterisation within the assessment
framework. Although the estimated amount of casualties
provides solely the order of magnitude and of course not any
precise quantiﬁcation.
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Fig. 9. Spatial distribution of uncertainty considering the percent-
age coefﬁcient of variation (COV, “standard error”) for a represen-
tative sub-set of the study area (region Cilacap, Java see Fig. 1).
4 Conclusions
A methodology to estimate human immediate response ca-
pability related to tsunamis at the sub-national scale for In-
donesia (speciﬁcally, coastal areas of Sumatra, Java and Bali
facing the Sunda Arc) is presented. Conceptually, human
immediate response capability is assessed by estimating the
time people potentially need to rescue themselves (ET) and
the time people actually have (RsT). ET is quantiﬁed by con-
sidering human extrinsic (land cover, topography, population
density) and intrinsic factors (age, gender distribution) by as-
signingdifferentevacuationspeedspropertiesandevacuation
speed reductions derived from literature. Considered factors
are substantiated by literature studies and ﬁndings from dis-
aster aftermath exercises.
Spatially distributed ET is calculated on the basis of a cost
distance weighted algorithm and on two credible emergency
planning zones: tsunami warning and major warning levels.
The time potentially needed to reach the next safe area is pro-
vided for each tsunami endangered location on land along
the coast. Parameterisation of key factors is based on lit-
erature and partly own estimation. Attached uncertainty is
quantiﬁed with a coefﬁcient of variation of approximately
5% when considering incomplete knowledge in parameter-
isation which states a robust estimation of ET. Additionally
uncertainty is low in high tsunami risk areas (along the coast-
line).
Quantiﬁcation of RsT is contextualized as different time
compartments related to the warning chain (decision time,
notiﬁcation time, reaction time) and is essentially determined
by the estimated time of tsunami arrival (ETA). Major un-
known in RsT is the quantiﬁcation of human reaction time
(RT). Human reaction time is inﬂuenced by complex social,
cultural and psychological factors which have to be substan-
tiated by household surveys and community-based participa-
tory methods. Based on nation wide available statistical data
some known inﬂuencing factors (e.g. education, access to in-
formation) can be represented allowing a qualitative state-
ment (e.g. good, moderate, weak human reaction capabili-
ties) and make a robust quantitative statement difﬁcult. Cur-
rent research efforts try to solve this gap by characterizing
RT at the local level using ﬁndings from conducted house-
hold surveys and participatory approaches.
Based on this the (optimal) human response capability was
classiﬁed to weak, moderate and good. This information pro-
vides immediate judgement possibilities on where people are
unable to rescue themselves on time and where a high vulner-
ability of people towards tsunamis exists. Presented results
allow the detection of high vulnerability hotspots along the
entire coast as well as on sub-district level.
Beside the quantiﬁed ETA, other time components mak-
ing up response time are set to an optimal time because they
are largely unknown. Consequently a dynamic representa-
tion of response time from optimum to minimum response
time (constrained only by respective ETA values) is adopted.
This allows for each warning segment and for different re-
sponse time intervals a dynamic estimation of areas featur-
ing weak response capabilities (response time shorter than
necessary evacuation time). Summarizing the people located
in the weak response zones per time interval leads to a rep-
resentation of casualties as a function of time. For selected
examples, atimedependentamountofcasualtiesdeliverskey
information on how severely a region might be impacted in
terms of loss of live. A plausibility check based on reported
dead/injured for Aceh tsunami 2004 hints to a robust esti-
mation of casualties at the sub-national scale. The so pro-
vided information on casualties per response time available
and for two tsunami intensity cases (tsunami warning levels)
constitute new and key information in the frame of disaster
management both at national and local level.
The overall assessment provides information up to sub-
district level (map scale up to 1:100000). This allows de-
cision makers at local level to identify hotspots of weak
response capabilities and to evaluate estimated evacuation
times related to expected tsunami arrival times. For iden-
tiﬁed hotspots and knowing the amount of people therein
additional vertical evacuation shelters can be assigned or
installed. Knowing the approximate number of casualties
and dislocated people helps in planning evacuation shel-
ter, basic need supply (food, water, medicine) and medi-
cal care capacity needed to cope with a tsunami disaster.
Hence the information provided is an important contribution
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to evacuation and contingency planning. Additionally the
integration of presented ﬁndings in community awareness
and preparedness efforts helps to raise disaster knowledge
and risk perception. People can learn about the approximate
arrival times of potential tsunamis affecting their regions,
what their potential evacuation time is and where tsunami
safe areas are located. This might foster the urgent need of
quick/direct tsunami response (evacuation action) at the lo-
cal level. Highly important in terms of local level tsunami
response is trust and believe in tsunami warnings and infor-
mation issued by the warning centre. The link of warning
information provided from the national level and the knowl-
edge and implications of this information at the local level
is crucial and needs continuous attention within disaster pre-
paredness efforts. Tying national warning centre deﬁnitions
(e.g. warning level information) to information and products
derived from the presented work is seen to help understand-
ing and to directly relate warning information to local disas-
ter management implications.
At national level presented information can effectively be
used to prioritize intervention mechanisms in terms of disas-
ter risk reduction based on detected hotspots of weak human
response capability. Additionally, using time dependent esti-
mation of casualties the costs of late warnings (long institu-
tional decision and notiﬁcation time) or long human reaction
times can be depicted clearly. For example an optimal early
warning process and optimal human response would have re-
duced casualties signiﬁcantly from reported 80000 to (esti-
mated)approx.19000foraworstcasetsunami(BandaAceh,
2004event). Thistremendouslypointsouttheneedandvalue
of effective Early Warning Systems (minimizing institutional
decision and notiﬁcation times) and disaster risk reduction
strategies(minimizingreactionandevacuationtimes)andthe
value of provided human response capability information.
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